PURPOSE. Matrix metalloproteinase (MMP) 14 has been shown to promote angiogenesis, but the underlying mechanisms are poorly understood. In this study, we investigated exosomal transport of MMP14 and its target, MMP2, from corneal fibroblasts to vascular endothelial cells as a possible mechanism governing MMP14 activity in corneal angiogenesis.
M atrix metalloproteinases (MMPs) are a large family of zincdependent endopeptidases that are crucial to extracellular matrix (ECM) remodeling. 1 Matrix metalloproteinases function in the modification of essentially all components of the ECM, including collagens, proteoglycans, and fibronectins. They are also involved in modulating the activity of signaling molecules and play important roles in both normal physiology and pathological processes including neovascularization and tumor metastasis. [2] [3] [4] [5] As such, MMPs are important potential targets for controlling such processes and in treating of a variety of pathological conditions. Matrix metalloproteinase 14 (also known as membrane type 1 MMP, MT1-MMP) in particular is involved in many processes including wound healing, angiogenesis, inflammation, and cancer invasion and metastasis. [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] The importance of MMP14 is demonstrated by the deleterious effects resulting from its absence. For example, MMP14 knockout mice display an extremely disfigured phenotype as a result of inadequate collagen turnover and bone remodeling, which lead to marked deceleration in postnatal growth and, ultimately, premature death. 11, 12, 16 Matrix metalloproteinase 14 is known to be required for proteolysis of the ECM during the normal growth of blood vessels (angiogenesis), which allows new endothelial cells to migrate and invade tissues. [16] [17] [18] Proteolysis of the ECM is normally a highly regulated process, with MMP14 localized to discrete regions of the cell membrane. 17, 19 However, this regulation is disrupted in tumors, resulting in widespread ECM remodeling by MMP14 and its targets, which allows the tumor to grow quickly and in a highly disorganized fashion, gaining access to the body's vasculature and leading to metastasis. 10 In previous studies, we demonstrated that MMP14 potentiates the angiogenic processes (including vessel invasion, increased levels of vascular endothelial growth factor [VEGF] , and phosphorylation of signaling molecules) involved in fibroblast growth factor (FGF)2-induced corneal neovascularization in corneal fibroblasts in culture and in the mouse eye.
that target angiogenic processes. In the present study, we investigated whether exosomal transport between cells facilitates MMP14 activity in the cornea. Exosomes are composed of a common, characteristic set of membrane and cytosolic molecules, including tumor susceptibility gene (TSG)101, integrin b1 (ITGB1), and cytoskeletal proteins. The biochemically active components of the exosome membrane can include receptors, adhesion molecules, transporters, and enzymes, including MMPs. [24] [25] [26] [27] [28] We show that MMP14 and MMP2 are concentrated and enzymatically active in exosomes derived from wild-type (WT) corneal fibroblasts. We then use genetically modified cell lines to show that MMP14-containing exosomes secreted by fibroblasts are readily taken up by endothelial cells, but not as effectively taken up by fibroblasts. The mechanisms responsible for this difference are unknown but appear to be cell type specific. Finally, we show that MMP14 is necessary for MMP2 sequestration and activation in exosomes secreted by fibroblasts. Considering recent studies suggesting that exosomes are likely vehicles for cell-to-cell signaling and transfer of material between cells, [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] clarifying the roles of MMP14 and MMP2 in exosomal transport will have significant implications for understanding the mechanisms of angiogenesis.
MATERIALS AND METHODS

Antibodies
A polyclonal antibody against mouse MMP14 was generated as previously described. 9 Antibodies to TSG101 (AbCam, Cambridge, MA, USA), Mitogen-activated protein kinase (MAPK) (ERK; Santa Cruz Biotechnology, Dallas, TX, USA), COX4 (Santa Cruz Biotechnology), ITGB1 (Santa Cruz Biotechnology), actin (Cell Signaling Technology, Danvers, MA, USA), and MMP2 (Calbiochem/Millipore, Billerica, MA, USA) were purchased from the indicated commercial sources, and 1:1000 working dilutions were prepared for all antibodies.
Isolation of Membrane Components From Corneal Fibroblasts
Corneal fibroblasts (5 3 10 7 ) were obtained via a previously described method 7 and cultured in Dulbecco's modified Eagle's medium (DMEM; Invitrogen, Grand Island, NY, USA) containing 10% fetal bovine serum (FBS) overnight at 378C in 5% CO 2 to render the cells quiescent. Cell pellets were lysed in a buffer containing 25 mM HEPES [(4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid)], 150 mM NaCl, 1 mM EDTA (ethylenediaminetetraacetic acid), 1% nonyl phenoxypolyethoxylethanol (NP-40), protease inhibitors (1 mM PMSF; phenylmethylsulfonyl fluoride), and 2 mM protease inhibitor cocktail for 90 minutes at 48C. The lysed cells were then subjected to homogenization and clarified by centrifugation at 16,000g for 15 minutes. The supernatant was collected as cell lysate.
Exosome Isolation From Mouse Corneal Fibroblasts
Exosomes were isolated using a sucrose density gradient. Wildtype mouse corneal fibroblasts (5 3 10 7 cells) were seeded onto a 150-mm culture dish with DMEM supplemented with 10% FBS. The next day the cells were washed with phosphatebuffered saline (PBS) and cultured in 1% ultracentrifuged FBS (prepared by ultracentrifugation at 100,000g for 18 hours to exclude bovine exosomes). The conditioned medium was collected and centrifuged at 1500 rpm for 10 minutes and 3000 rpm for 30 minutes to remove cellular debris. The supernatant was then filtered through a 0.45-lm membrane and concentrated using a Millipore concentrator tube (Calbiochem/ Millipore) with 100 K MWCO filter. The concentrated conditioned medium was ultracentrifuged at 100,000g for 2 hours. The resulting pellet was resuspended in a 1:200 dilution of Proteinase Inhibitor Cocktail III (Calbiochem/Millipore) in PBS. The pellet was adjusted to 40% sucrose and overlaid with 30% and 5% sucrose. Buoyant-density centrifugation was performed at 100,000g for 18 hours at 48C in a Beckman SW40Ti or SW60Ti rotor (Beckman Coulter, Inc., Pasadena, CA, USA). Eleven fractions were collected from the top of the gradient.
Marker Protein Analysis
The proteins of the cell lysate and the exosome preparation were separated by 4-20% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) under nonreducing conditions unless stated otherwise and were transferred to polyvinylidene difluoride (PVDF) membranes (20 lg exosomes per lane, except in the gel shown in Fig. 4A , which was loaded with 2 lg exosomes per lane). Reducing conditions, when used, consisted of treatment with 100 mM b-mercaptoethanol solution followed by boiling for 10 minutes. Blocking was performed using 5% milk and 3% BSA. The membranes were incubated overnight with the appropriate primary antibody to identify membrane protein markers (MMP14 and ITGB1), exosome marker (TSG101), a mitochondrial protein marker (COX4), and cytosolic protein markers (actin and nonphosphorylated ERK or MAPK). For nonreducing conditions, cell lysate and isolated exosomal proteins were analyzed as in reducing conditions but in the absence of b-mercaptoethanol. The PVDF membrane was incubated with horseradish peroxidase-conjugated or IRDye-conjugated secondary antibody. Protein bands were detected by an enhanced chemiluminescence or Li-Cor Odyssey system (Lincoln, NE, USA).
Exposure of CPAECs, HUVECs, or Normal Corneal Fibroblasts to Exosomes Containing MMP14-YPet or Coculture With MMP14-YPet-Expressing Cells
Wild-type corneal fibroblasts were infected with a retrovirus containing MMP14-YPet. Briefly, pCMMV-MMP14-YPet plasmid was transfected into Phoenix virus packaging cells (American Type Culture Collection [ATCC], Manassas, VA, USA). Secreted virus containing MMP14-YPet was used to infect corneal fibroblasts. Secreted exosomes were isolated from the culture medium of these MMP14-YPet-expressing cells for the reported experiments.
Cover glasses in the wells of a six-well plate were seeded with human umbilical vein endothelial cells (HUVECs), calf pulmonary artery endothelial cells (CPAECs), or normal corneal fibroblasts. For direct exposure to MMP14-YPetcontaining exosomes, 1 mL culture medium containing 2 lg isolated exosomes was added to each sample of cultured cells. For coculture with MMP14-YPet-expressing cells, transwells containing corneal fibroblasts overexpressing MMP14-YPet were added to the culture wells. The plate was then incubated for 4 hours, allowing for diffusion of the exosomes to the cells in the bottom dishes. Fluorescence emitted by the exosomes was then observed by confocal microscopy.
Generation of Immortalized MMP14 Corneal Fibroblast Cell Lines
MMP14Dexon4 immortalized mouse corneal cell lines were generated according to methods previously described. 8 
the entire mouse corneal stroma was excised from a MMP14Dexon4 cornea and incubated with DMEM containing 3.3 mg/mL collagenase type II (Sigma-Aldrich Corp., St. Louis, MO, USA) at 378C with shaking for 90 minutes. Isolated keratocytes were grown in DMEM supplemented with 10% fetal calf serum (HyClone Laboratories, Inc., Logan, UT, USA) at 378C in a 5% CO 2 humidified atmosphere. Subconfluent stromal fibroblasts were supplemented with a mixture containing polybrene (4 lg/mL) and an equal volume of pZIPTEX virus (containing SV40T antigen). Matrix metalloproteinase 14-null corneal fibroblast cell lines were generated according to a protocol similar to that used for generation of MMP14Dexon4 immortalized mouse corneal cell lines.
Gelatin Zymography
Proteins from the exosome preparations obtained from WT corneal fibroblasts, MMP14Dexon4, and MMP14-null cell lines were separated on 4% to 16% zymogram gels (2 lg exosomes per lane) to analyze the status of the proenzyme and active forms of MMP2. The gels were washed twice with 50 mM Tris/ HCl, 5 mM CaCl 2 , 1 M ZnCl 2 , and 2.5% Triton X-100 (pH 7.6). After one wash in buffer without Triton, the gel was incubated overnight at 378C in wash buffer containing 1% Triton X-100. Proteins were visualized using Coomassie brilliant blue. The gel was fixed and destained using 10% acetic acid in 10% methanol.
RESULTS
MMP14 Is Highly Concentrated in Exosomes Secreted by Corneal Fibroblasts
To determine whether MMP14 was localized in corneal fibroblasts and corneal fibroblast-secreted exosomes, we collected cells and conditioned media from corneal fibroblasts cultured in 10% FBS. The conditioned media were subjected to ultracentrifugation, filtration, and sucrose gradient ultracentrifugation. Samples were analyzed for the diagnostic presence of TSG101 (an exosomal marker; Fig. 1A ) and MMP14 (Fig. 1B) . Both TSG101 and MMP14 were present at high levels in fractions 9 and 10, indicating the presence of MMP14 in the exosomal fractions. Fractions 1 and 2 did not contain detectable levels of MMP14 or TSG101 (data not shown).
We then examined MMP14 in the cell lysate and exosomal fractions in both nonreducing and reducing conditions. In nonreducing conditions, MMP14 in exosomes was aggregated in a high molecular weight position, indicating that it had formed disulfide bonds with other molecules. In reducing conditions, exosomal MMP14 was primarily observed as a monomer with a molecular weight of 60 kDa (Fig. 1C) . In cell lysate, MMP14 was present at much lower levels, primarily as a monomer, in both reducing and nonreducing conditions. These results indicate that in exosomes, MMP14 exists primarily in multimers or complexed with other molecules, whereas in cell lysates, MMP14 exists primarily as a monomer.
MMP14 Is More Concentrated in Exosomes Than in Cell Lysate
To confirm that our exosomal samples were pure (i.e., contained little to no cell lysate), we performed Western blot analysis using cell lysate and exosomal markers. MAPK ( Fig. 2A ; an extracellular signal regulated kinase), COX4 ( Fig. 2B ; a cytochrome c oxidase subunit and an inner mitochondrial protein), and actin (Fig. 2C) are general cellular proteins. In contrast, ITGB1 ( Fig. 2D ; a fibronectin receptor) is a marker of cell membranes and thus expected to be in both lysate and exosomal fractions, because exosomal vesicular membranes are derived from parent cell membranes. TSG101 (Fig. 2E) is an exosomal marker. Cell lysate fractions contained all general cellular proteins at levels that were consistently higher than those in exosomes. In contrast, the exosomal fraction was enriched in ITGB1 and TSG101 compared to the lysate. These results indicate that our exosomal samples were highly pure and support the presence of a specialized profile of markers, including TSG101, MMP14, and ITGB1, in exosomes at concentrations well above those in lysate of corneal fibroblasts.
Exosomes Transfer MMP14 to Endothelial Cells
Wild-type corneal fibroblasts were infected with a retrovirus containing an MMP14-YPet fusion molecule. Secreted exosomes were isolated from the culture medium of these MMP14-YPet-expressing cells (Fig. 3A) . Exosomes containing MMP14-YPet were added to untransfected WT corneal fibroblasts (Fig.  3B) , HUVECs (Fig. 3C) , and CPAECs (Fig. 3D ). Cultures were assayed for YPet expression as an indicator of cellular uptake of exosomes and their contents. We found that all three cell lines expressed YPet and that endothelial cells (HUVECs and CPAECs) expressed higher levels of YPet than corneal fibroblasts, indicating possible cell type-specific differences in the ability of cells to absorb or accept exosomes containing MMP14-YPet. The in vitro fusion of MMP14-YPet-containing exosomes to recipient cells showed that MMP14-YPet can be transferred from purified exosomes to vascular endothelial cells.
Next, we examined the cell-to-cell transfer of MMP14 via exosomes in a coculture assay. Corneal fibroblasts transfected with MMP14-YPet were cocultured with WT corneal stromal fibroblasts (Fig. 3F) or vascular endothelial cells (HUVECs, Fig.  3G , and CPAECs, Fig. 3H ). No direct cell-to-cell contact was possible. The results of these experiments showed that MMP14-YPet secreted by corneal fibroblasts was readily transferred to the two types of vascular endothelial cells but, again, not as effectively transferred to corneal stromal fibroblasts. In order to determine whether MMP14-YPet was taken up by exosomes, transferred into target cells via exosomes, and subsequently moved into the cell membrane, we conducted a control experiment in which we transfected cells with YPet and cocultured these cells with corneal fibroblasts (Fig. 3E) , HUVECs, and CPAECs (data not shown). No YPet was seen in the cells or cell membranes for any of the three cell types.
Localization of MMP14 in Exosomes in MMP14Dexon4 Corneal Fibroblasts
The mechanisms involved in MMP14 localization to and retention in exosomes remain unknown. In WT cells, MMP14 was concentrated in exosomes at much higher levels than in cell lysate (Fig. 2) , suggesting that it is actively sequestered or trafficked into exosomes. To further investigate the mechanisms underlying MMP14 activity, we generated a line of MMP14Dexon4 cells in which exon 4, which contains the enzymatic domain, was deleted. The enzymatic domain is necessary to catalyze pro-MMP2 into active MMP2, 23 which is a major contributor to ECM remodeling. Despite the absence of the enzymatic domain, we found that MMP14 was still localized to exosomes in this mutant cell line (Fig. 4A) , indicating that the enzymatic domain is not required for sequestration. We hypothesized that MMP14 may be more effectively sequestered into exosomes in MMP14Dexon4 cells, but when we used a second MMP14 antibody that targeted a different region of the protein, we did not observe this particular result. However, the antibody confirmed that MMP14 is successfully sequestered in these cells.
Increased MMP2 in Exosomes in MMP14Dexon4 Corneal Fibroblasts
Our next aim was to analyze the presence of MMP14 in relation to MMP2 uptake or activity in exosomes using Western blot analysis and gelatin zymography. Western blot analysis showed elevated levels of pro-MMP2 in MMP14Dexon4 exosomes but near absence of active MMP2 (Fig. 4B) , whereas gelatin zymography showed elevated levels of pro-MMP2 and a substantial presence of active MMP2 (Fig. 4C) . These divergent results suggest that the antibody used in the Western blot analysis may be less sensitive to the active epitope of the MMP2 protein. Using gelatin zymography, we next showed that exosomes derived from MMP14-null corneal fibroblasts contained pro-MMP2 but at nearly undetectable levels (more exosomal pro-MMP2 protein was detected in MMP14Dexon4 exosomes; compare Figs. 4C, 4D) and that active MMP2 was completely absent (Fig. 4D ). It appears that whereas MMP14Dexon4 exosomes contain much higher levels of pro-MMP2 than do WT cells, exosomes of MMP14-null cells contain very little pro-MMP2 and virtually no active MMP2. These data reveal two critical points regarding MMP2 sequestration in corneal fibroblast exosomes: (1) Normal MMP2 sequestration is dependent, at least in part, on the presence of MMP14 in the cell, and (2) removal of the enzymatic domain from MMP14 does not impair the sequestration of MMP2 into exosomes, but instead increases it. This increase may be due to either a change in the mechanism by which MMP2 is sequestered or, more likely, to increased levels of pro-MMP2 in the cell resulting from a lack of MMP14, its major endogenous catalyzer.
DISCUSSION
In the present study, we found that MMP14 expression is greater in exosomes of corneal fibroblasts than in cell lysate. Our results also demonstrate that corneal fibroblasts can transfer MMP14 protein via exosomes to other cell types, including vascular endothelial cells, which readily take up these exosomes and their contents. Finally, we found that deletion of the MMP14 enzymatic domain leads to an increase in pro-MMP2 accumulation in exosomes, whereas absence of MMP14 results in near-complete failure of MMP2 to localize to exosomes. Our study yields the following significant findings: (1) MMP14 is critically involved in MMP2 localization to exosomes in corneal fibroblasts; (2) exosomes may represent a mechanism for the localization of MMP14 and MMP2 enzymatic activity in the extracellular space; and (3) intercellular transfer of MMP14 and MMP2 between fibroblasts and endothelial cells may occur during angiogenesis and other biological processes.
Research groups including ours have established the ability of exosomes to transfer materials between cells, and this transfer method has implications for processes beyond angiogenesis. For example, enzymatically active MMP14 has been identified in exosomes secreted by fibrosarcoma and melanoma cells, 40 and exosomes may provide a mechanism for intercellular transfer of material in these cell types during the growth and spread of ovarian cancers. 41 However, the mechanisms that control exosomal transport of materials remain unclear. Ligand receptor binding, attachment, and fusion with the target cell membrane or internalization via endocytosis are all posited as possible modes of interaction between exosomes and target cells. 34, 36 Regardless of the precise mechanism, exosomes likely require selective targeting of recipient cells to execute the level and specificity of appropriate intercellular transfer and communication currently hypothesized. Through the use of YPet-tagged MMP14, we demonstrated the ability of exosomes to deliver MMP14 to other cells and showed that the efficiency of this delivery varies between different cell types (endothelial cells appeared to accept MMP14-containing exosomes more efficiently than corneal fibroblasts). The differential effects observed for various cell types support the concept of target-specific exosomal activity.
Our data suggest a possible mechanism of MMP14 action in corneal vascularization. We previously demonstrated that MMP14 potentiates multiple processes in FGF2-induced corneal neovascularization, 9 with neovascularization requiring MMP14 activity in the extracellular space to degrade ECM to create routes for endothelial cells to directionally proliferate, migrate, and establish new vessels. However, endothelial cells themselves do not naturally produce substantial amounts of MMP14. Interestingly, corneal fibroblasts produce higher levels of MMP14 that resides in their cell membranes and, as our findings show, in the exosomes they secrete (Figs. 1, 2) . We show that these MMP14-containing exosomes, secreted by fibroblasts, may be the source of endothelial MMP14.
Matrix metalloproteinase 2 is synthesized and secreted as pro-MMP2 in a complex with tissue inhibitor of metalloproteinase-2 (TIMP2). Pro-MMP2 is cleaved by MMP14, releasing activated MMP2. Activated MMP2 degrades basement membrane collagen (type IV), elastin, and several other ECM molecules, including interstitial collagen types I, II, and III, and is associated with ECM remodeling in wound healing, angiogenesis, and tumor invasion. 42 Our finding that MMP2 is carried by exosomes and released by limbal endothelial cells into the extracellular space reveals a possible mechanism by which MMP14 and MMP2 may facilitate the breakdown of ECM in a directional manner toward a wound. Thus, MMP2 may interact with MMP14 in exosomes released by corneal fibroblasts. Therefore, exosomes provide a vehicle by which cells can release MMP14 to directionally modulate endothelial activity and neovascularization.
Our investigation of the roles of MMP14 and MMP2 in exosomes builds upon our understanding of their relationship in the plasma membrane. At the cell surface, MMP14 functions as a receptor for both pro-MMP2 and TIMP2. Matrix metalloproteinase 14 forms a membrane-bound homodimer; one dimerized MMP14 monomer unit also binds TIMP2, which recruits pro-MMP2. The recruited pro-MMP2 is then in position to interact with the other dimerized MMP14. 17 The propeptide of MMP2 is cleaved by MMP14, resulting in an intermediate form, which is subsequently converted to fully active MMP2 through an autocatalytic cleavage. Active MMP2 is then released into the extracellular space. 18, 23 Our experiments using MMP14Dexon4 cell cultures show that the dependence of MMP2 activation on MMP14 enzymatic activity is maintained in exosomes. Wild-type corneal fibroblasts contained significant amounts of active MMP2 in exosomes, whereas the loss of MMP14 enzymatic ability led to pro-MMP2 accumulation in exosomes. The finding that MMP14-null corneal fibroblasts produced exosomes with virtually undetectable amounts of pro-MMP2 and no active MMP2 indicates that MMP14 is critically involved in the recruitment of MMP2 to exosomes, although this process does not seem to require the MMP14 enzymatic domain. The interaction of MMP14 in the exosomal packaging of MMP2 is a novel finding and further suggests that exosomes play a key role in the ability of MMP14 to achieve downstream effects in non-MMP14-producing cells. Future research is needed to determine how MMP14 recruits, modifies, and directs MMP2 into and out of exosomes.
In summary, our study demonstrates that exosomes of corneal fibroblasts contain high levels of enzymatically active MMP14 and can deliver their contents to target cells. Although it is clear that MMP14 can modify exosomal levels of MMP2 and significantly impact the transport of MMP2 into exosomes, the exact timing and mechanism of this interaction remain uncertain. More research is needed to characterize the effects of MMP14 transport to recipient cells on physiological and pathological processes. Establishing the potential effects of modulating MMP14 levels will have significant implications for the development of therapeutics targeting angiogenesis in the cornea and other tissues as well as tumor metastasis in many cancers. Although pro-MMP2 was present at higher levels in MMP14Dexon4 exosomes than in WT, active MMP2 was nearly undetectable. (C) Matrix metalloproteinase 2 enzymatic activity assayed by zymography in WT and MMP14Dexon4 corneal fibroblastderived exosomal fractions. Although pro-MMP2 was, again, present at much higher concentrations in the MMP14Dexon4 exosomes, an elevated level of active MMP2 was also observed. (D) Matrix metalloproteinase 2 enzymatic activity assayed by zymography in WT and MMP14-null corneal fibroblast-derived exosomes. This gel was loaded with twice the volume of exosomes as in (C), which demonstrates that although MMP2 was present in MMP14-null exosomes, its expression was reduced to near-undetectable levels.
